Abstract-Inspired by the effect of norrisolide on the Golgi complex, we synthesized norrisolide probes that contain: the perhydroindane core of the parent natural product for Golgi localization, a crosslinking unit (aryl azide or epoxide) for covalent binding to the target, and a tag (biotin or iodine) for subsequent target purification. We found that biotin-containing probes 14, 20 and 24 induced inefficient Golgi vesiculation. However, the iodinated probe 25 induced extensive and irreversible Golgi fragmentation. This probe can be used for the isolation of the cellular target of norrisolide.
The intracellular transport and sorting of biomolecules, a process referred to as the secretory pathway, is essential to cell function and survival. 1 Central to this process is the Golgi complex, an assembly of membranes, whose function involves the post-translational modification of newly synthesized proteins and lipids, their sorting into secretory vesicles, and their trafficking to the sites of function. 2 It has also been shown that during mitosis the Golgi membranes undergo complete fragmentation to small vesicles. 3 However, the mechanisms governing these vesiculation processes are currently poorly understood. 4 Small molecules that affect Golgi vesiculation can be useful as probes for exploring this event and as leads for controlling disease pathogenesis. 5 For instance, brefeldin A (1, Fig. 1 ) was found to cause fusion of Golgi with endoplasmic reticulum (ER) and helped in unraveling the Golgi to ER retrograde pathway.
6 Secramine (2) was shown to block protein transport from Golgi to the plasma membrane, 7 while CCL-19 (4) blocks the exit of proteins from Golgi and induces Golgi fragmentation. 8 The marine sesquiterpene ilimaquinone (3) was found to induce a reversible vesiculation of the Golgi and led to the identification of Protein kinase D as a component of the secretion machinery. 9 More recently, norrisolide (5) 10 was shown to fragment the Golgi complex in an irreversible manner. Recent studies with norrisolide have suggested that the hydrocarbon-containing perhydroindane core of this natural product binds to a receptor at the Golgi membranes and induces reversible vesiculation. 12 The vesiculation becomes irreversible when this core is decorated with electrophilic residues. Our efforts to explore this concept led to identification of compound 6 (Fig. 1 ) that was shown to induce an identical phenotype with 5. We proposed that this effect is due to covalent reaction of the epoxide units of 6 with its biological receptor. 12 Based on these findings, we sought to synthesize and study trifunctional norrisolide probes that would contain the following functional groups: (a) the perhydroindane core for Golgi localization, (b) a crosslinking reagent for covalent binding to its putative target and, (c) a tag for subsequent protein purification and isolation.
The first probe that we evaluated was compound 14 in which the perhydroindane motif is attached to an aryl azide unit and biotin. It was expected that light-activation of the aryl azide would produce a reactive nitrene intermediate that would react covalently with its receptor and thus mimic the irreversible Golgi vesiculation observed with the natural product. 13 The biotin tag could then allow the isolation and purification of the target via affinity chromatography on resin-bound streptavidin. The synthesis of 14 is summarized in Scheme 1.
14 Coupling of 7 15 with 8 16 in the presence of EDC and DMAP produced ester 9 in 77% yield. The phenol functionality of 9 was then alkylated with N-Boc iodopropane (10) in the presence of CsCO 3 in DMF to form compound 11 (93% yield). TFA-induced Boc deprotection of 11, followed by coupling of the resulting amine with biotin (13), gave rise to trifunctional probe 14.
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The bifunctional probe 15, 17 containing the aryl azide functionality and the biotin but not the perhydroindane motif, was prepared in a similar manner and was used as a control.
The effect of compounds 14 and 15 in Golgi vesiculation was evaluated using normal rat kidney (NRK) cells. Cells grown on coverslips in complete growth medium were treated with 14 and 15 (30 lM) for 60 min at 37°C. 18 The cells were then fixed and processed for immunofluorescence microscopy. 18 The Golgi complex is shown in red and the cell nucleus is shown in blue. Figure 2 highlights the results of this study. Comparison of Figure. 2a and b indicates that compound 14 caused Golgi fragmentation in 50% of the cell population. In contrast, compound 15 did not lead to any fragmentation (data not shown), supporting the notion that the perhydroindane motif is essential for norrisolide activity. As expected, the fragmentation induced by 14 was completely reversible upon washing when the photoactivation of the aryl azide unit did not take place (Fig. 2c) . UV-irradiation for 15 min caused an irreversible Golgi fragmentation in a small percent of the cells (Fig. 2d) . 18 Despite the low extent of irreversibility, we attempted isolation of the protein target of compound 14. After UV irradiation, the cells were lysed and analyzed by Western blot to identify proteins containing biotin. 18 As a negative control, we used probe 15, containing biotin but not the norrisolide core. The results, shown in Figure 3 , indicate that both compounds 14 and 15 led to isolation of the same protein bands. This suggests that these protein bands are due to non-specific interactions of biotin with cellular proteins. 19 In parallel with the above studies, we considered an alternative design of trifunctional probes in which the photoactivated aryl azide unit would be replaced by an epoxide functionality. This design was inspired by the observation of compound 6 inducing an identical phenotype to that of norrisolide in Golgi membranes. 12 We hypothesized that a probe that combines the perhydroindane motif with an epoxide unit and biotin would ensure the irreversible Golgi vesiculation and allow the isolation of its target protein. This hypothesis led us to synthesize and evaluate probes 20 and 24.
The synthesis of compound 20 is shown in Scheme 2. Alkylation of 16 with 1,3-dibromopropane (1.1 equiv) in refluxing acetone using K 2 CO 3 as the base produced selectively the C14-monoalkylated adduct that, after treatment with NaN 3 , gave rise to azide 17 (83% yield over two steps). The C-12 phenolic oxygen was then benzylated and the adjacent methyl ester was saponified to afford carboxylic acid 18 (94% yield over two steps). Coupling of 18 with alcohol 7, followed by Staudinger reduction 20 of the pendant azide group, produced amine 19 (75% combined yield) that was coupled with biotin (13). Hydrogenolysis of the C12 benzyl ether of 19, followed by alkylation of the resulting alcohol with epibromohydrin using CsCO 3 as the base, produced probe 20 (59% yield over three steps). 21 A similar strategy was devised for the construction of probe 24 (Scheme 3). 21 Compound 21 was selectively alkylated first at the C14 phenol (epibromohydrin, K 2 CO 3 ) and then at the C12 center using EZ-link PEO-iodoacetylbiotin (23) 22 and CsCO 3 , to form 24 in 55% yield (over two steps).
Evaluation of probes 20 and 24 in NRK cells was performed using the conditions discussed above. Incubation of NRK cells with 20 induced less than 10% of Golgi fragmentation in the entire cell population (Fig. 4a) . Moreover, this effect was fully reversible after cell washing (Fig. 4b) . Similar results were obtained with compound 24 (data not shown). The Golgi fragmentation induced by probes 20 and 24 was clearly less effective than that observed using norrisolide and compound 6 that, under identical conditions, led to complete and irreversible vesiculation in more than 90% of the cell population. 12 We hypothesized that the low extent of Golgi vesiculation induced by probes 20 and 24 is due to the presence of biotin tag. It is possible that the steric hindrance caused by biotin in combination with its intrinsic affinity for biotin receptors leaves insufficient amounts of these probes on the Golgi membranes thus dramatically reducing their effect on the Golgi complex. In other words, the biotin tag could interfere with the ability of the perhydroindane motif to localize these probes on the Golgi. This hypothesis is also supported by the results obtained with probe 14 that again led to a decreased extent of Golgi vesiculation. This analysis led us to reconsider our overall strategy and design an alternative probe in which the biotin unit would be replaced by a radioisotope. Isolation of the norrisolide target(s) could then be pursued via radiolabeling.
The structure of epoxide 22 offers the unique advantage of facile incorporation of radioactive iodine at the aromatic ring at the C15 center. The synthesis of the non-radioactive probe 25 21 is highlighted in Scheme 4 and involves iodination of 22 with NaI and chloramine T, 23 followed by alkylation of the C12 phenol with epibromohydrin (74% yield over two steps).
Incubation of NRK cells with compound 25 induced Golgi vesiculation at concentrations similar to those used for norrisolide and 6. Importantly, this fragmentation was found to occur in more than 80% of cells and was irreversible after standard washing (Fig. 5) . In fact, probe 25 induced comparable Golgi vesiculation to that obtained with analogue 6. This result suggests that a probe 25 armed with a radioactive isotope 125 I could be used to tag the protein target and lead to its isolation by radiochromatography. 24 In conclusion, we present herein the results of a study aiming to develop norrisolide-based trifunctional probes that could be used to identify the cellular target of this unusual natural product. Inspired by the finding that norrisolide and its analogue 6 induce an irreversible fragmentation of the Golgi membranes, we attempted to conjugate this structure with biotin and isolate its tar- get by affinity chromatography. None of the biotinbased probes induced significant Golgi fragmentation to justify further studies. The only proteins isolated with these probes were non-specific biotin targets. However, iodinated probe 25 induces sufficient Golgi vesiculation at comparable concentrations to that of the natural product. Thus, this probe represents an appropriate reagent for further biological studies aiming to isolate the cellular target of norrisolide.
